We studied the relationship between female sockeye salmon (Oncorhynchus nerka) body size and egg burial depth in a small Alaskan stream to better understand the ways in which stream-bed scour or digging by other females might destroy embryos. Two different measurements of egg burial depth were taken: depth from the original streambed surface to the top of the egg pocket and depth from the disturbed substrate directly above the egg pocket to the top of the egg pocket. The former may represent the depth to which stream-bed scouring would have to go to reach the eggs, but the latter represents the depth to which a second female would have to dig to disturb the egg pocket. Larger females buried their eggs deeper, relative to the original substrate level, than smaller females. This suggests that streams with frequent scour events would select for larger females. However, mean depth from the disturbed substrate level was significantly shallower than mean depth from the original stream-bed level, suggesting that even the smallest females could dig deep enough to disturb the egg pockets of the largest females. Finally, the egg burial depth -fish size relationship that we observed was compared with published data on other salmonid species, revealing considerable variation but a clear positive relationship between female size and burial depth. Because embryonic survival is affected by scour and nest disturbance, and because changes in fish body size, density, and flow regime can affect the vulnerability of embryos to such mortality, we recommend further, standardized measurements of the relationship between egg burial depth and female body size.
Introduction
Parental care, in a variety of forms, is observed in approximately 21% of the families of teleost fishes (Gross and pterus dolomieui) , larger males are better defenders of nest sites than smaller males, resulting in improved survival of progeny (Wiegmann and Baylis 1995) . In the cichlid Cichlasoma nigrofasciatum, females preferred to mate with larger males, apparently because the larger males were more aggressive in nest defense (Keenleyside et al. 1985) . Similarly, in the rock bass, Ambloplites rupestris, larval survival was significantly higher in nests guarded by large males, resulting in a female preference for larger males (Sabat 1994) .
The size of the parent may not only be important in species that guard the eggs from predation, but also in species such as salmonids that guard the eggs from physical disturbance. Female salmonids enter streams, select and prepare nesting sites, spawn, and bury their eggs , and references therein). Females usually excavate several pockets within a single redd in an upstream progression, each of which is covered with gravel by the digging action of subsequent pockets (Burner 1951; Hawke 1978) . The incubation period varies from 2 to 8 months depending on species and thermal regime (Groot and Margolis 1991) , after which time the free-swimming fry emerge from the gravel.
To survive this extended incubation period, the embryos must be protected from redd disturbance ("superimposition") by other conspecific and heterospecific females. Redd superimposition can be a very significant cause of mortality (McNeil 1964; Hayes 1987; van den Berghe and Gross 1989) , especially on the progeny of early-spawning fish (McNeil 1964; McPhee and Quinn 1998) . Later in the incubation period, mortality can result from stream-bed scouring or shifting, leading to mechanical injury or dislodgement from the nest (Groot and Margolis 1991) . Montgomery et al. (1996) found that chum salmon (Oncorhynchus keta) egg burial depths were only slightly greater than average scour depths on an approximately bank-full flow during the incubation period, suggesting that minor increases in the depth of scour or reduction in egg burial depth could significantly reduce embryo survival. Stuart (1953) suggested that gradual leveling of the tailspill could leave eggs that were originally 20-30 cm deep only half that deep after 2 months. Thus, an accurate knowledge of egg burial depths could help to identify the elevation at which scouring impacts affect the developing embryos of salmonids (DeVries 1997) .
A few studies have examined the relationships between salmonid egg burial depths, redd size, and fish size. Greeley (1932) found that brown (Salmo trutta) and rainbow (Oncorhynchus mykiss) trout redds were generally larger than those of brook trout (Salvelinus fontinalis), and this was partly attributed to the size of the fish. Van den Berghe and Gross (1984) found a strong positive correlation between the size of female coho salmon (Oncorhynchus kisutch) and nest depth, and concluded that "greater nest depth will afford greater protection from mechanical damage and exposure when gravel is shifted by floods and when nests are superimposed by competing females." Similar correlations have been observed in Dolly Varden (Salvelinus malma) by Kitano and Shimazaki (1995) and brown trout, rainbow trout, and Atlantic salmon (Salmo salar) by Crisp and Carling (1989) . Such relationships imply that the vulnerability of shallow egg pockets to scour results in selection for deeper egg pockets, and hence, larger females over time (van den Berghe and Gross 1989). The possibility for size selection will be more pronounced in populations where relatively small increases in female length are linked to increases in egg burial depth and protection from scour. However, in rivers where the sediment characteristics and hydrology make scour less prevalent, selection for large female body size to dig deep eggs will be weak. These issues are particularly important for salmon conservation because many salmon populations are experiencing marked reductions in average body size (Ricker 1994; Bigler et al. 1996) , and hence, might experience higher embryo mortality.
DeVries (1997) reviewed published data on egg burial depths and recommended that egg-depth (to the top of the egg pocket) distributions be developed for different sizes of females, for each species. Such data could help assess the interactions between scour and declining body size on salmonid populations. We therefore examined the redd characteristics and egg burial depths of sockeye salmon (Oncorhynchus nerka) in a small Alaskan stream and tested the predictions that redd sizes and egg burial depths would be positively correlated with female length and with each other. We specifically wanted to compare the depth that eggs were buried below the original surface of the stream bed (i.e., the depth that the female dug to bury them) to the depth that they were found below the gravel after completion of the redd (i.e., the depth that another female would have to dig to disturb them). We then compared our egg burial depthfemale size relationship to other published data to estimate the general relationship for salmonids over a range of sizes. Finally, we measured the surface areas of redds with respect to female size and egg burial depth to determine if surface area (which is easier to measure) could be used as a surrogate for egg burial depth.
Materials and methods
Data were collected in late July and early August 1997, in Hansen Creek, a small (length 2.1 km, mean width 3.7 m, n = 72 measurements) shallow tributary to Lake Aleknagik in the Wood River lake system near Dillingham, Alaska. Mean stream depth (mean = 7.9 cm, SD = 1.2 cm, n = 96) was largely uniform in areas used by females over the length of the stream, except for an even shallower (mean = 4.0 cm), 100 m long reach where the stream entered the lake (where no spawning took place) and a small, deeper, spring-fed pond used by a relatively small number of sockeye salmon. The stream has uniformly excellent gravel quality over the entire bed, with a geometric mean particle size of 14.2 mm (SD = 7.2 mm; Quinn et al. 1995) . There are no hydrographic data, but Hansen Creek seems to have extremely stable flows based on our own observations of its discharge, the vegetation on stream banks and gravel bars, the springs feeding the creek, and a beaver dam at the upper end.
Hansen Creek has high densities of sockeye salmon (1000-5000 fish/km in recent years) that do not enter the stream until they are ready to spawn. On 19-21 July, female sockeye that had entered the stream were caught and those with distended bellies (indicating that they had not spawned) were measured from the middle of the eye to the hypural bone at the end of the spine, tagged with unique plastic disk tags, and released back in to the stream. This measurement is consistent with other data sets taken at this and other sites in this region (e.g., Quinn et al. 1995; McPhee and Quinn 1998) . It reflects the somatic growth of the fish, unbiased by variation in the extension of the upper jaw at maturation or the fraying of the tail during nest-site preparation.
For ease of comparison with other studies, which reported fork length (tip of upper jaw to fork of tail), the mideye to hypural lengths were converted to fork lengths according to data taken by Duncan (1956) and T. Quinn (unpublished data) on Hansen Creek. On 24 July, some untagged females that had established redds and had spawned completely were also caught and measured. Their redds and egg burial depths were measured in the same manner as the other females.
Tagged females were monitored on daily stream surveys. After they had completed spawning, the redd size was measured. Redd length was the distance from the upstream end of the redd, where the female had begun cutting, to the end of the tailspill. Redd width was the widest distance across the redd perpendicular to stream flow (Fig. 1) . Redd surface area was calculated according to the formula for an ellipse (surface area = π × (length/2) × (width/2)). We measured the depth from the water's surface to the original stream bed (average of two depths taken at undisturbed gravel on either side of the redd; designated 1 in Fig. 1 ). Redds were then carefully dug by hand and trowel until at least five eggs were exposed. We calculated the distance from disturbed substrate to the egg pocket (designated 4 in Fig. 1 ) by subtracting the depth from the water's surface to the disturbed substrate (designated 2 in Fig. 1 ) from the distance from the water's surface to the egg pocket (designated 3 in Fig. 1 ). Egg burial depths (EBD) below the original and disturbed depths were calculated as follows ( Fig. 1): EBD original = EBD below water level -original stream-bed depth (designated 5 in Fig. 1) EBD disturbed = EBD below water level -disturbed stream-bed depth (designated 4 in Fig. 1) The EBD original is the depth that the female salmon dug to lay her eggs and the likely depth that they will be buried after the stream returns to its original topography, barring superimposition or development of persistent bed forms by mass spawning. EBD disturbed is the depth that another female would have to dig to disturb the first female's eggs while the redd was still structurally intact. Thus, these are depths that would reveal vulnerability to scour and superimposition, respectively.
Results
Out of 60 tagged females, 48 were recovered, ranging from 395 to 510 mm long (mean = 462.4 mm, SD = 24.8 mm). Stream life-span of tagged fish ranged from 1 to 21 days (mean = 11 days).
Egg pockets were found in 22 redds and the deepest pocket was approximately twice the depth of the shallowest. Regression analyses revealed a positive relationship between EBD disturbed and fish length (R = 0.59, P < 0.005) and between EBD original and fish length (R = 0.55, P < 0.01; Fig. 2 ). EBD disturbed ranged from 6.0 to 19.0 cm (mean = 12.4 cm, SD = 3.6 cm), whereas EBD original ranged from 12.5 to 23.8 cm (mean = 19.0 cm, SD = 3.2 cm) (Fig. 2) . Mean EBD disturbed was significantly shallower than EBD original (P < 0.001, paired t test).
Female lengths and redd surface dimensions were compared in 42 redds. Regression analyses demonstrated weak (not significant) positive relationships between fish length and redd surface area (R = 0.19, P > 0.1) and fish length and redd length (R = 0.20, P > 0.1). Relationships were not found between redd surface area and disturbed egg burial depth (R = 0.02, P > 0.5, N = 18) or redd length and disturbed egg burial depth (R = 0.01, P > 0.5). 
Discussion
The positive relationship between female length and egg burial depth suggests that larger fish may be better able to protect their eggs against scour than can smaller fish. The largest female sockeye salmon buried their eggs as much as 10 cm deeper than the smallest. Our data were consistent with three studies on other salmonid species that reported positive relationships between body size and egg burial depth (Fig. 3) . In addition, eight other studies that reported only mean burial depths and female lengths also showed a very clear, apparently linear, relationship over a wide range of lengths and habitats (Fig. 3) . This relationship might be even closer if the studies had all used similar methods. For example, van den Berghe and Gross (1984) and Kitano and Shimazaki (1995) measured the depth to the deepest point of a constructed redd (the "pot"), whereas Crisp and Carling (1989) (and the present study) measured actual egg burial depth. Crisp and Carling (1989) reported a poor correlation between pot depth and actual egg burial depth and cautioned against the use of this surrogate measure.
Streams prone to scour during the incubation period could select for larger fish, whose eggs are buried deeper and are thus better protected, or fish spawning at times of the year when scour is less common. A reduction in female size might decrease the survival of embryos in the gravel, as well Relationship between body size of 22 female sockeye salmon (length from mideye to hypural plate) and the depth of egg burial. Depths are plotted twice, as measured from the egg pocket to the original stream-bed level (!) and from the egg pocket to the stream-bed level over the pocket after disturbance by the female (×).
Fig. 3.
Relationship between female fork length and egg burial depth in various salmonid studies: (1) brook trout (Young et al. 1989) ; (2) brown trout (Grost et al. 1991) ; (3) brown trout (Elliott 1984) ; (4) golden trout (Knapp and Vredenburg 1996) ; (5) Dolly Varden (Kitano and Shimazaki 1995) ; (6) sockeye salmon (R.P. Steen and T.P. Quinn, this paper); (7) sockeye salmon (Leonetti 1996) ; (8) coho salmon (van den Berghe and Gross 1984); (9) Atlantic salmon, rainbow and brown trouts (Crisp and Carling 1989) ; (10) chum salmon T.P. Quinn, 1998, unpublished data) ; (11) chinook salmon (Hawke 1978) ; (12) taimen (Fukushima 1994; M. Fukushima, 1999, personal communication) . Primary sources should be consulted for specific information on measurement methods.
as reduce egg production (smaller females lay fewer eggs; Beacham and Murray 1993) . Consistent with this hypothesis, Helle (1989) reported that the annual average survival rate of chum salmon was positively correlated with the average body size of the parents.
Redd superimposition can affect structurally intact redds over the course of the spawning season (about 3 weeks in Hansen Creek; Quinn and McPhee 1998) . Thus, when assessing mortality induced by superimposition, the depth of the egg pocket from the disturbed substrate is relevant because it is the depth that a second fish would have to dig to disturb the first female's egg pocket. Based on our records, the second female would not have to dig very deep to disturb the eggs of the female that had spawned previously. For example, a small female might dig down 15 cm, but that would be sufficient to disturb the eggs of a larger female that had dug down 25 cm (Fig. 2) because the eggs were left at only 15 cm below the surface. This assumes that the depth of digging is only a function of female size. However, if digging by later spawning females is facilitated by the gravel sorting accomplished by earlier females, later spawning females might dig even deeper than would otherwise be estimated.
At high densities of salmon, when superimposition rather than scour is the main mortality agent, the timing of spawning might be more important than female size in determining the probability of nest disturbance (e.g., McNeil 1964; Hayes 1987; McPhee and Quinn 1998) . However, sediment transport occurs at discharges insufficient to cause widespread scour (Jackson and Beschta 1982) and redds may be leveled out by such transport after the spawning is completed. To the extent that they return to predisturbance conditions, egg burial depth relative to the original stream-bed level would be the appropriate measurement for assessment of scour-induced mortality (DeVries 1997).
We observed that the eggs were generally not located beneath the tailspill and were closer to the disturbed surface than the undisturbed surface. However, other authors have indicated that eggs may be buried at various points beneath the tailspill (e.g., Ottaway et al. 1981; Crisp and Carling 1989) . In cases where the primary egg pockets are located beneath the highest point of the tailspill, the disturbed depth may exceed the original depth, suggesting that larger fish would gain an advantage in protecting their eggs against superimposition. Thus, placement of the primary egg pockets within the redd may influence egg mortality from superimposition.
Our data indicated that redd surface area is not a good surrogate for egg burial depth, and Crisp and Carling (1989) concluded that pot depth is also not reliable. Thus, studies of egg burial depth should measure the vertical location of the eggs themselves. We suggest that measurements be taken of egg burial depth from the top of the egg pocket to the original and disturbed stream-bed surfaces and from the depths to the highest (tailspill) and lowest (pot) points of the redd to help assess vulnerability to superimposition and scour. In addition, it would be helpful to measure factors other than female size that might affect egg burial depth and vulnerability to scour, such as substrate size at the stream-bed surface and at the egg-pocket depth, placement of the redd within the channel, and estimated stream velocity at the time of redd construction.
